The binary isotropic and anisotropic collision-induced light scattering spectra of gaseous methane at room temperature are analyzed in terms of a recent ab initio intermolecular potential and interaction-induced pair polarizability trace and anisotropy models, using quantum line-shapes computations. The translational spectra at relatively low frequencies are determined largely by the effects of bound and free transitions. At intermediate frequencies the spectra are sensitive to both the attractive part of the potential and the short-range part of the polarizability trace and anisotropy. The high frequency wings are discussed in terms of the collision-induced rotational Raman effect and estimates for the dipole-quadrupole polarizability A and the dipole-octopole polarizability E are obtained and checked with recent ab initio theoretical values.
I. INTRODUCTION
Interaction-induced Raman spectra permit detailed studies of certain interatomic properties. The spectra are shaped by two quantities: the interaction potential and the interaction-induced polarizability ͑i.e., the excess polarizability of two interacting atoms over the sum of polarizabilities of the noninteracting atoms͒. In the past, mostly the spectra of dense gases have thus been studied. [1] [2] [3] For most rare-gas pairs, highly refined interatomic potential models exist, so that such measurements permit a determination of the induced polarizabilities of atom pairs. Here we are concerned with the collision-induced ͑CILS͒, isotropic and anisotropic Raman spectra of dense methane gas. The main features of the Raman spectra of this molecule have been reported in the past. [4] [5] [6] Recent measurements from a few cm −1 up to 900 cm −1 with a higher resolution have been added for studying more closely the low-frequency part of the spectra ͑below 10 cm −1 , where discernible bound dimer features appear superimposed with the Raman transitions of the free pairs͒. 7 Such a spectrum, recorded at a temperature of 294.5 K, will be analyzed here with the goal of developing refined models of the relevant interactioninduced properties, which permit an accurate reproduction of the observed spectrum from line-shapes calculations.
CH 4 is an ideal molecule for such an investigation as its spectra contain features that highlight several aspects of induced scattering. The spectra consist essentially of an intense, purely translational component and a weaker induced rotational wing. Effects due to scattering by bound dimers [8] [9] [10] and to the quantum nature of the collision dynamics 11 are expected to become increasingly important to the translational component for light molecules. Induced rotational Raman scattering was first identified in the CH 4 spectrum. 12 It is a particularly propitious example in that the rotational wing clearly extends beyond the translational component over a broad frequency range; for this reason the two contributions may then be studied independently. The leading term in the pair polarizability, which gives rise to the translational scattering by spherical molecules, is due to the first-order dipole-induced dipole interaction. Small intermediate-and short-range overlap contributions also play a role. 3 Induced rotational scattering has been interpreted by means of pair-polarizability terms, which arise from a longrange interaction mechanism involving higher-order multipole polarizabilities, such as the dipole-quadrupole polarizability A and the dipole-octopole polarizability E. 12 This paper assesses the validity of these models and the concomitant choice of parameter values in the description of the experimental spectra. For all computations of intensities and profiles, the intermolecular potential plays an important role. The recent ab initio potential energy surface of Hellmann et al. 13 is the most accurate available. It is based on supermolecular coupled-cluster calculations for 17 different angular orientations with 16 center-of-mass separations for each orientation. The methane monomers were assumed to form rigid regular tetrahedrons corresponding to the zero-point vibrationally averaged geometry. An analytical site-site potential function with nine sites per monomer was fitted to the calculated interaction energies. The potential function also includes a semiempirical correction for zero-point vibrational effects. This potential was utilized to calculate the second pressure virial coefficient, 13 as well as transport and relaxation properties of dilute methane gas. 14, 15 For most of the calculated a͒ properties, very good agreement with the best experimental data was found.
II. LIGHT SCATTERING SPECTRA
The measurements and calculations of the CH 4 -CH 4 light scattering spectra have recently been fully reported. 7 For purposes of completeness, some details are repeated here. Collision-induced light scattering refers to scattering from clusters, here pairs, of interacting isotropic molecules. The spectral feature of interest is a broad depolarized band about the Rayleigh line. The experimental setup is that typical of laser Raman spectroscopy. Excitation radiation was from an argon-ion laser operating on 514.5 nm at 1 W. The absolute calibration of each measured spectrum was performed by means of three intense consecutive rotational lines of hydrogen. 16 In order to increase the statistical accuracy an increasing spectral slit width was used, at increasing frequency shift, for the weak tails of the nearly exponential CILS spectra. The polarizations of the laser beam are perpendicular and parallel to the scattering plane, that is the plane defined by the incident and the scattered beams. The intensities of the scattered light are then referred to as I Ќ ͑͒ and I ʈ ͑͒ and constitute the polarized ͑which is related to the isotropic spectrum͒ and depolarized ͑anisotropic͒ spectrum, respectively.
The intensity of the collision-induced light scattering I͑͒ at each frequency for densities less than 2 mol/l may be expressed by a virial expansion in the density ,
where I ͑2͒ and I ͑3͒ relate to the two-and three-body correlation spectra, respectively. The two-body isotropic and anisotropic spectra of CH 4 
III. THE SPECTRAL LINESHAPE AND ITS MOMENTS
In this section the calculations of the experimental quantities are described. The Monchick-Mason approximation, 17 which neglects the effects of inelastic transitions on the relative kinetic energy is applied as a check in the computation of the CILS profiles. At moderate densities, the CILS spectra are determined by binary interactions. They consist of purely translational scattering, which includes scattering due to free pairs and bound dimers, and of the induced rotational scattering. The pair polarizability trace and anisotropy giving rise to the translational scattering contributions of the isotropic and anisotropic light spectra in the case of inert gases and spherical top molecules are given by
with 4,19-23
Here, ␣ o and ␥ designate atomic polarizability and hyperpolarizability, respectively, C 6 is the dispersion force coefficient, C is the quadrupole polarizability, and is the separation distance at which V͑r͒ = 0. The values of the parameters used here are as follows: 13, 24, 25 ␣ o = 17.828 a.u., ␥ = 3079.2 a.u., C = 60.45 a.u., C 6 = 129.6 a.u., and = 6.93341 a.u.
The other parameters have been determined by fitting to the total integrated intensities as t o = 0.0278 a.u. and r t = 0.671 a.u. for the trace and g o = 0.091 a.u. and r o = 0.735 a.u. for the anisotropy.
A purely long-range interaction mechanism, involving the participation of higher-order polarizabilities, has been invoked to account for induced rotational scattering. 12 Contributions from the dipole-quadrupole polarizability A and the dipole-octopole polarizability E for methane symmetry give the intensity of the observed rotational spectra with the predictions of the mean square polarizability models in the case of the isotropic and anisotropic spectra as 
+¯. ͑7͒
The angular brackets ͗¯͘ denote an average over all orientations of the intermolecular and molecular axes. The various terms in Eqs. ͑6͒ and ͑7͒ give rise to the following selection rules on the total angular momentum quantum number J:
For CH 4 -CH 4 interactions ␣ 1 = ␣ 2 = ␣ O , A 1 = A 2 = A, and
The quantum theory is applied for the accurate computation of the CILS absolute translational intensities of the methane pairs. Numerically, this is done by means of the propagative two-point Fox-Goodwin integrator, 26, 27 where the ratio of the wave function, defined at adjacent points on a spatial grid, is built step by step.
Concerning our problem, binary isotropic and anisotropic spectra are computed quantum mechanically as a function of frequency shifts at temperature T by using the expressions [28] [29] [30] [31] 
ͪdE. ͑9͒
The symbol k S stands for the Stokes wave number of the scattered light, h is Planck's constant, and c is the speed of the light. The constant accounts for the thermal de Broglie wavelength, = h / ͱ 2k B T, with as the reduced mass of ͑CH 4 ͒ 2 and k B as Boltzmann's constant. The symbol E,J designates the scattering wave function and E max the maximum value of the energy that is required to obtain convergence of the integrals. In these expressions, ␣ = ␣͑r͒ and ␤ = ␤͑r͒ denote the trace and anisotropy of the quasimolecule, g J the nuclear statistical weight, and b J JЈ are intensity factors involving the rotational quantum numbers J and JЈ of the initial and final states, respectively.
With the spectral intensities I iso ͑͒ and I aniso ͑͒ in cm 6 as input and through the following analytical expressions, we are able to deduce the isotropic moments, 32, 33 
and anisotropic moments,
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where denotes the laser wavelength and U͑r͒ is the interatomic potential. These results were compared with the experimental moments obtained from the isotropic and anisotropic intensities of the light scattering spectra, 3 ,32
An effective means for checking the validity of the induced trace and anisotropy models is to compare the computed second dielectric virial coefficient B and second Kerr virial coefficient B K with the experimental ones. This is done by using the following formulae:
where ␤͑0,r͒ and ␤͑ , r͒ are the anisotropies of CH 4 for static dipole polarizability ␣͑ =0͒ = ␣ o = 2.642 Å 3 and dipole polarizability at ͑ Ͼ 0͒ = ␣ = 2.6064 Å 3 .
36
The total theoretical intensities of the isotropic and anisotropic light scattering spectra are the sum of the translational spectra due to the transitions of bound-bound, boundfree, and free-free states and rotational spectra. In order to calculate the line profiles and the associated moments, the intermolecular potential is needed. Results with different potentials can be compared with experiment to assess the quality of the potentials. In this paper we consider the different empirical and more recent ab initio potentials. 13, [37] [38] [39] Comparisons between the calculations and experiments are shown in Figs. 1 and 2 for the intensities of the isotropic and anisotropic light scattering spectra of CH 4 and Table I for the first few even moments of these profiles. Also, the comparisons of the calculated and experimental values of the second dielectric constants and second Kerr coefficients are shown in Table I .
Concerning the multipolar contributions of single A, double A, single E, A and E, and double E transitions, different values of the dynamic independent tensor components A and E may be used to fit the experimental isotropic and anisotropic intensities in the frequency ranges TABLE I. Different contributions from bound, free and rotational isotropic, and anisotropic zeroth-order M 0 , second-order M 2 and fourth-order M 4 moments of CH 4 gas at T = 294.5 K deduced from experiment and theory using different intermolecular potential models. Also, the comparison between the calculated and experimental values of the second dielectric constant B and the second Kerr coefficient B K are shown. 2 suggest that there are choices of A and E for which the theoretical and experimental isotropic and anisotropic spectra fit the best: A = 0.68 Å 4 , E = 0.9 Å 5 and A = 0.7 Å 4 , E = 1.25 Å 5 respectively using the ab initio potential. 13 Also in Table II we reported the theoretical and experimental values of these coefficients from the bond polarizability model, virial coefficient, NMR and molecular beam scattering, 12, [42] [43] [44] [46] [47] [48] [49] [50] and those recently calculated ab initio by Maroulis ͓i.e., his "best or recommended" CCSD͑T͒ values taking into account electron correlation corrections͔. 45 It is immediately apparent from the comparisons in Figs. 1 and  2 and Tables I and II that the ab initio potential 13 is superior to the LJ, 37 PA, 38 and RMK ͑Ref. 39͒ potentials.
IV. CONCLUSION
The present study further demonstrates that the ab initio potential by Hellmann et al. 13 is a very good representation of the intermolecular potential of methane gas. The profiles of the two-body isotropic and anisotropic collision-induced light scattering spectra at T = 294.5 K can be accounted for by a calculation employing a classical trajectory to simulate the collision. The significant contributions to the spectra by bound dimers are found to be essentially the same as that arrived at by full quantum mechanical calculations. At high frequencies we show that most of the intensities may be attributed to multipolar contributions involving the dipolequadrupole A and dipole-octopole E polarizability tensors. Moreover, the very broad frequency range probed by Bancewicz et al. provides enough information to deduce values for the independent components of A and E. This is confirmed by the good agreement between our fitted values from spectra and the one computed ab initio by Maroulis. 45 In conclusion, this work shows that when high frequency intensities are observed CILS is a suitable technique for studying multipolar contributions in tetrahedral molecules.
